The Walking Suitability Index of the Territory-T-WSI is an innovative methodology to assess walkability. Unlike other methods and tools in this field designed to evaluate walkability on given origin-destination paths, T-WSI is conceived for area-wide assessments, typically at the neighborhood level. This can be achieved by visual surveys to collect data, which are easy to perform at street level, their further process via an algorithm, and their aggregation to assess the walking performance levels of the test area. The paper describes such methodology, which includes the development of 12 indicators associated with four main evaluation categories (Practicability, Safety, Urbanity and Appeal), and its application to a case study in a medium-size town in central Italy. Results are described and elaborated to highlight T-WSI's contribution to help decision makers in the urban governance process, typically in the fields of land use, mobility management and maintenance, coherently with the research objective to enlarge the potential of walkability methodologies thus far available up to area-level assessment.
Introduction
Every trip, generally, starts and ends with walking. This has been long-acknowledged in health studies, where walking is considered the keystone to promote healthier lifestyles based on physical activities. Reducing physical inactivity by walking is also one of the World Health Organization's priorities and considered one of the best investments to achieve health and sustainable development for all, with a goal to attain a 15% reduction of sedentary activities by 2030 [1, 2] . Scientific evidence on the possibility of improving health conditions and consequently gaining economic benefits from the reduction of complications for most chronic diseases due to increased physical activity corroborates this vision [3] [4] [5] . The built environment is considered a major health determinant in this process [6, 7] , and the "neighborhood" a key player in promoting or enhancing walking due to the variety of its public spaces and everyday functions [8] [9] [10] .
Nevertheless, walking is usually assessed as ancillary to other modes and, as such, often underestimated when simulating or planning transportation systems. The main reason for this is the unpredictability of solo walking; pedestrians are erratic, walking where they feel safe, secure, comfortable and/or attracted, and when they do not feel at ease they simply walk elsewhere. Modelling such behaviors can be difficult. However, in the scientific literature, examples of quantitative calculation or qualitative interpretation of how pedestrians move are numerous. Quantitative calculations mostly rely on assumptions and methods for platoons, i.e., groups of pedestrians assembled to move together. When in a group, and/or driven by a specific purpose, behaviors become more predictable and their Needless to say, scientific literature linking built environment, health, well-being and walkability abounds, as synthesized in D'Alessandro et al. [47, 48] ; at the same time, the many examples and case studies reported highlight at least four recurring methods for assessing walkability: (i) connectivity-based; (ii) GIS-based; (iii) perception-based; (iv) audits.
As regards (i) connectivity-based methods, initial studies focused on the physical features of the road network, placing emphasis on density of nodes and links, and developing indexes for assessing the quality of connectivity accordingly [36, 49, 50] . The basic assumption is that the more nodes (i.e., intersections) are available, the higher the possibilities for pedestrians to optimize Origin-Destination-O/D trips. Pedestrian Catchment Area-PCA is the most common parameter, regularly used to assess how much a given origin/destination is walkable (or accessible). PCAs can be determined according to the relevance of the considered O/D facilities, typically transit facilities or parks and correspondingly scalable (e.g., from street level for a bus stop, to neighborhood level for a metro station, up to area level for an urban park). Examples of connectivity-based methods abound, since they are used whenever walkable access to basic urban services, public commons, and transport infrastructure is to be calculated to assess the population served. Although applicable to every urban area, this approach only focuses on the physical structure of the road network, thus failing to address the quality of the built environment and how pedestrians perceive it.
Such an approach has evolved in line with the progress of image processing giving rise to (ii) GIS-based methods. If connectivity-based methods enable the calculation of simple objectively-measurable walkability physical parameters (e.g., links and nodes), the GIS-based ones enable more complex calculations and analyses considering a large number of variables thanks to embedded full-featured GIS software. In this way, it is possible not only for the easy estimation of PCAs, but the development of more complex composite indices and functions accordingly (for examples, the "Walkability Index-WI", and the "Walk Opportunities Index", as in Frank et al., Leslie et al. and Kuzmyak et al. [51] [52] [53] , or the walking cost distance function associated with links as in Corazza and Favaretto [38] ). In this second type of measurements, along with GIS, the use of IT systems, Sustainability 2019, 11, 3467 4 of 26 such as the Personal Digital Assistant (PDA), which supports researchers in detecting certain specific characteristics of the built environment (mostly those related to the building stock, land use, vegetation, infrastructure), and can be used to assess walkability with more accuracy. Eventually, GIS-based methods also include the possibility to process more variables from statistical data associated with the area in hand (for example, population characteristics and dynamics, socio-economic trends, lifestyles, etc.). Examples of successful GIS-based application for the assessment of transit facilities and land use development can be found, for example, in [38, 54, 55] . However, GIS-processed analyses' potential to associate walking features with statistical data specifically related to health and transport is still largely underestimated, for the focus (as for connectivity-based methods) is still on the physical side of the pedestrian realm, i.e., the physically built environment.
To cope with that, a third type of measurement is introduced, i.e., the (iii) perception-based, which relies on how individuals perceive their surroundings and how, in turn, the environmental characteristics of these affect walking behavior [56] .
In this case, the focus is oftentimes on how to walk to given facilities (commercial, educational, leisure, etc.) and more in general, outdoor spaces, and factors affecting modal choices, such as quality of infrastructures, social status, environmental conditions, aesthetics, perceived safety, but also vegetation, public lighting, cleanliness, etc., can be also included in the measurement [57] [58] [59] [60] . Unlike the two methods previously described which are purely quantitative, the perception-based introduces qualitative parameters (mostly pedestrians' assessment of perceived barriers or drivers of a given O/D path), collected via surveys, interviews and questionnaires which give rise to several types of Walkability Lists. This approach is favored by local administrators and planners when deciding the location of new facilities or assessing the suitability of specific O/D paths, typically home-to-school routes, (and a plethora of grey literature on such lists and how to manage the decision process accordingly is available, one example for all provided by the U.S. Department of Health and Human Services [61] ).
The attempt to standardize these procedures gives rise to the last type of assessment, i.e., (iv) the walkability audits, promoted by advocacy groups to evaluate pedestrian facilities and identify specific improvements that would increase the routes' attractiveness to pedestrians. Along with that, this formal process usually results in local policy recommendations, social media coverage and support, fundraising, and social marketing products, all aimed at promoting safer and/or healthier behaviors among the community members and ensuring local administrators' full commitment and long-term visions. Again, examples are numerous, but a particularly comprehensive one is the Seattle case, where local advocacy group activities enabled new pedestrian infrastructure to be funded, the development of a pedestrian master plan, and the issue of a dedicated policy ("Complete Streets") [62] .
Audit methods involve initial studies to clearly define pedestrian problems, data collection to quantify severity and consequences, elaboration of proposals to overcome, communication and participation strategies to involve citizens and decision-makers and reach consensus. The usual tools like questionnaires, public meetings, talks, social communications, etc., are designed to ask participants about their perception of problems related to pedestrians (typically road safety or attractiveness, and built environment aesthetics). Additional tools could involve cost-benefit or multicriteria analyses associated with possible improvements, and the assessment of their consensus or acceptance among the community. Although direct and reliable, such tools are often demanding because of the time required for data processing (data can be both quantitative and qualitative), and the efforts to engage communities and decision makers, for the process duration.
Each of the four methods has pros and cons. Connectivity and GIS-based methods are quantitative, whereas the perception-based one is qualitative. The former two are suitable to assess built environment's physical drivers and barriers, respectively promoting or preventing walking, but do not include the perception factor; moreover, they require specific skills to process GIS information and calculations, and generally speaking can be included among the desk research field. The latter, in turn, is fed by personal assessments, dictated by individual convenience and affected by local conditions (geographical, cultural, social, etc.); it can highlight the most diverse qualitative factors promoting or preventing walking, not detectable by the quantitative methods (from smells, to quality of light, to perception of hostility or friendliness, etc.). Outcomes might differ from those achieved through quantitative methods. Perception-based methods, mostly relying on direct or mediated communication (questionnaires, surveys, interviews, mental maps, etc.), can be classified as "field research", and require specific skills to analyze (and mediate between) opposing viewpoints, and ensure that all participants' views are considered. All in all, these three methods can be defined as "built environment-driven": the common goal being to highlight factors and functions to improve and redesign to create more walkable environments.
The fourth method, based on audits, benefits from the scientific soundness of all the three above, as it might include both quantitative and qualitative data process and analyses, and is community-driven: the goal is to develop programs and policy to improve walking conditions shared by the whole community, including additional aspects like funding, consensus-building and decision-making. Needless to say, if compared to the other three, and although more ambitious, audits are certainly more demanding in terms of resources and skills needed.
Innovating the Way to Evaluate Walkability
The ideal method for assessing how much an environment is walking-friendly would be to merge all of the above into one, since connectivity and GIS-based methods enable one to associate maps with a huge amount of data (and especially those related to the physical features of the built environment plus any other statistical facts), whereas audits and questionnaires cover policy making and perceptional issues, respectively. Nevertheless, a combination of the four methods would be extremely demanding and expensive (effort, time needed, funding, multidisciplinary contributions, community-engagement, etc.), and thus in the end, not really feasible. The issue that all of these methods are applied to selected routes to given facilities, i.e., to specific O/Ds, represents an additional, common limitation.
Eventually, such a combined assessment would be far from comprehensive if the goal is to evaluate the opportunities to perform physical activity on the one hand, and to switch walking from ancillary to the main leg of everyday trips across the neighborhood, on the other. To this end, a specific assessment method was developed and is here presented: the "Walking Suitability Index of the Territory-T-WSI". It includes a number of suitable walkability indicators (to describe the different urban features) and consistent with the walkability equation above reported; an undemanding data collection process (through a mix of surveys, measurements and interviews); and an easy calculation procedure (all reported in the next Section). This synergy creates a multi-scope assessment (with Practicability, Safety, Urbanity and Appeal as evaluation categories), with emphasis placed on the specific impact areas (comfort, safety and security, attractiveness) which can shed light on the potential of a given neighborhood to promote and support active walking, and therefore its walkability, according to objective and subjective measurement results. If compared to the other methods, T-WSI is certainly less demanding and expensive, as clarified in Section 2.
As shortly introduced, unlike the usual methods to assess walkability, T-WSI is not designed to evaluate walking-friendliness of given origin-destination paths or trips, but of the whole walking environment where such activities take place, independently from the distance to walk. One might argue that for example, also GIS, per se, can be applied at area level (the neighborhood and even larger areas); but when analyzing walkability, GIS is solely applied to the routes walkability is designed to be associated with: home-to-school, home-to-station, home-to-parks, etc.
For T-WSI, the need to overcome limitations due to the route-approach and to cover the entire neighborhood areas instead, it also relies on the observation that distance to walk to destination can affect behaviors and therefore pedestrians' acceptance [63, 64] . This makes T-WSI a reliable tool to assess where people really walk and orient transport planning towards decisions where walking can be considered among the leading criteria. Moreover, T-WSI, although not route-approach based, can also provide useful directions about the ease of reaching local facilities by people living in the study area or nearby. By assessing which could be the more comfortable, safer or attractive link, in relation to its length (as further described in Section 2.2.), it is possible to analyze where people would be more willing to walk by combining personal convenience and shortest legs in their everyday trips.
Materials and Method to Calculate the T-WSI
The methodology to evaluate walkability quality and potential in consolidated urban areas is centered on the development of both the T-WSI composite index and the calculation procedure, both described in the following sections.
T-WSI Concept
As a composite index, T-WSI includes the evaluation categories, Practicability, Safety, Urbanity and Appeal, each in turn involving three indicators, for a total set of 12. Each indicator measures the associated performance via a qualitative 0-1 scale and is weighed according to an expert assessment (further described).
More specifically, the four evaluation categories and related indicators are:
• Practicability, i.e., the pedestrian's comfort and ease according to the actual physical conditions of the walking surfaces. This evaluation category, meant to assess how the current quality of sidewalks may affect the actual usability of the walking infrastructure, relies on the following three indicators: P1 Sidewalk surface, P2 Obstacles, and P3 Slope. Sidewalk surface optimal condition is considered when evenness is total, and it deteriorates as much as the amount of stresses and damages (chinks, potholes, cracks, etc.) increases. Obstacles (from urban furniture to utility poles and equipment), although necessary, might reduce the available walking space and help decrease LoS. Therefore, the absence of obstacles would be optimal, whereas their increasing recurrence is a contributing factor to walk elsewhere. Eventually, for Slope, optimal solutions would require no incline at all, and a 2% longitudinal slope is still generally considered usable for the majority of physically-challenged users, with 8% as a limit for walkability. However, it should be noted that road slope is a long-debated parameter, since the 8% limit can turn into a recurring condition in areas with hilly morphology. • Safety, as the level of avoidance of danger from motorized modes. There is a plethora of indicators to assess road safety levels, mostly based on the consequences of accidents. These are certainly essential to define black spots, but do not describe the sidewalks' safety quality per se. In this case, emphasis is to be placed on the possibility to assess whether the major safety criterion to see and be seen can be met, and especially while crossing. This calls for three indicators: S1 Safeguard from vehicles, S2 Road lighting, and S3 Safe Crossing. Safeguard from vehicles is planned to assess whether pedestrians are able to walk free from risks originating from private cars (typically due to illegal, overspill parking onto sidewalks, or at conflict areas such as driveways) and/or have an unobstructed view when approaching the crossing areas. High levels of protection can be achieved when the sidewalks are: (i) equipped with bollards (or any other similar traffic calming device) to prevent cars from conflicting with pedestrians, mid-block or at the intersections; (ii) designed with curb extensions (typically build-outs) to reduce the crossing distance and enable driver and pedestrian to see each other; (iii) cleared from any other obstacle which might reduce visibility (vegetation, utility equipment, ads, etc.). Road lighting is targeted to assess quality of public lighting, the design of which is generally not meant to meet pedestrians' requirements (e.g., fear of crime). Streetlights' specific performance like illuminance and brightness is essential in preventing accidents [65] , but benefits can be strongly diminished if light poles are too high, or placed in a way to create shadowy areas on sidewalks. Eventually the Safe Crossing indicator measures the level of pedestrian safety specifically at junctions, by the availability of appropriate signs and signals, according to regulations.
• Urbanity denotes the quality or character of urban life, and in its Latin origin was a synonym for cultivation and refinement. Incidentally, this evaluation category clusters the many parameters which contribute to create comfortable and attractive walking conditions: variety of functions (by the indicator U3 Activity Mix), suitability of the infrastructure to accommodate pedestrian flows accordingly (measured by the indicator U1 Sidewalk width) and the availability of equipment and elements to support and facilitate walking (by the indicator U2 Street furniture). As an additional contribution, all are also useful parameters to assess the level of street clutter. • Appeal, or more general pleasantness, concerns the sphere of welfare, based on the feeling and perception caused by agreeable (or disagreeable) stimuli and how they affect walking and attract people to walk. To this end, this evaluation category includes the following indicators: A1 Traffic (for the assessment of its capability to disturb or limit walking, according to motorized traffic flows), A2 Building stock (where attractiveness is evaluated according to the type of building stock) and A3 Vegetation (availability of planted strips, or more simply trees, hedges, flowerbeds, when properly located and maintained, are certainly perceived by pedestrians as an added value). A non-negligible annotation: the role of vegetation is underestimated in transport-oriented planning and practice. On the contrary, flora in urban environments provide the visually-challenged with natural guidance via thermal and olfactory signals (for example, bus shelters can be perceived by the thermal change produced by the facility's shadow).
Some of the walking requirements the above-mentioned indicators are associated with affect each other or are strictly interrelated. For example, uneven pavements are certainly obstacles for walking, as much as steep routes; likewise, the synergy between speed control and protection of crossings by traffic calming devices can increase safety of pedestrians; eventually, availability of suitable width for sidewalks can be an appealing factor as vegetation or appropriate lighting. A synthesis of how all these requirements interplay is provided in Figure 1 .
Calculating T-WSI
The calculation of T-WSI relies on (i) surveys to assess the performance level of the walkable environment according to the four evaluation categories and 12 indicators associated and (ii) the weighting procedure to highlight the relevance of a given performance over the others in impact on walkability, according to an expert assessment.
Regarding the surveys, along with the univocal definition of the meaning of each indicator (as in Section 2.1), special attention has to be attached to instruct surveyors on how to rank the performance levels, according to a 1 to 0 scale, with 1 as excellent, 0.7 good, 0.35 poor and 0.00 not acceptable, i.e., not suitable for walking. To this end, performance levels associated with each score, for each indicator, are described and surveyors instructed to rank them accordingly, as described in Section 2.4.
This process is reiterated for all the links in the district, in order to have a final score of the district walkability. A synthesis of the definition of performance levels and associated scores for each indicator is reported in Table 1 , along with a description of the performance for each evaluation category.
Weights for evaluation categories and indicators were developed by a multidisciplinary panel of 49 experts. The preliminary literature review analysis on neighborhood environmental factors affecting walking was the basis to define the above-mentioned indicators, evaluation categories and criteria for scores and weights, which were presented to the experts, all coming from three different fields: urban planning, transportation and public health. They were asked to assess the overall T-WSI index and define weights for each category and indicator. After this first round, a final restricted panel of nine experts, representing the three involved field studies accepted to participate in a discussion to finalize the weights. The weights reported in Table 1 are the shared result of this discussion. Some of the walking requirements the above-mentioned indicators are associated with affect each other or are strictly interrelated. For example, uneven pavements are certainly obstacles for walking, as much as steep routes; likewise, the synergy between speed control and protection of crossings by traffic calming devices can increase safety of pedestrians; eventually, availability of suitable width for sidewalks can be an appealing factor as vegetation or appropriate lighting. A synthesis of how all these requirements interplay is provided in Figure 1 . 
The calculation of T-WSI relies on i) surveys to assess the performance level of the walkable environment according to the four evaluation categories and 12 indicators associated and ii) the Along with that, a spreadsheet was developed to facilitate calculations. This spreadsheet is specifically designed to enter survey data and calculate the index for each evaluation category, according to the score assigned to each of the 12 indicators. The spreadsheet includes a 12 × n matrix, where n is the number of rows, each corresponding to a link (or a street) of the neighborhood or study area network. This requires an initial itemization of each link or street in the network to survey and the knowledge of its length. For example, if the Practicability category is considered, its score P sco1 for link n.1 (i.e., the street itemized first in the matrix) is calculated according to Equation (1):
where: P w = category weight for Practicability P1 w , P2 w , P3 w = weights for the indicators P1, P2 and P3, respectively a, b, c = scores assigned by the surveyors to the indicators P1, P2 and P3, respectively, in the 1-0 range.
The total score for all the n-links in the neighborhood, for the Practicability category still as the example in hand, is then calculated as P Dsco in (2) as the sum of all the n-P sco calculated.
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The same procedure is reiterated for the other three evaluation categories and associated indicators, each with the related weight reported in Table 1 . Therefore, still considering link n.1 as an example, it is possible to calculate the Street Index-SI 1 as:
where A sco1 , U sco1 , S sco1 = scores for link n.1, for the Appeal, Urbanity and Safety categories, respectively. Likewise, total scores for all the links in the network for each of the other three evaluation categories can be calculated applying Equation (2).
Consequently, Equation (3) is applied for all the rows of the matrix, i.e., for all the links considered in the surveys. However, the length of each link is not negligible in the overall assessment, both as self-standing parameter and as related to the total neighborhood network. To this end, for each n-link, SI is also assessed in terms of relevance of the link itself, compared to the whole network, thus calculating the walkability index T-WSI i for that given i-link as:
where l = length of the link (m), L = length of the neighborhood network (m).
T-WSI i can be reiterated for all the n-links of the network, thus calculating its total value in the neighborhood T-WSI tot as:
In Figure 2 the algorithm for the T-WSI calculation is synthesized from the assessment of each link of the road network up to the calculation of the neighborhood T-WSI.
Additional Calculations
It is also possible to calculate for each indicator its Weighted Average WA compared to the total network length. For example, for indicator P1 Sidewalk surface, the average is:
where: a = score given by the surveyor to the performance indicator P1 is associated with on link n, with 0 < a < 1 l = length of the link (m) L = length of the neighborhood network (m)
Equation (6), reiterated for the other two indicators constituting the set of 3 associated to each Evaluation Category provides its average value WA tot . For example, in the case of P-Practicability, this becomes:
and in turn Equation (7) can be reiterated for the remaining 3 evaluation categories, providing SWA tot , UWA tot and AWA tot , for Safety, Urbanity and Appeal, respectively. 
where: a = score given by the surveyor to the performance indicator P1 is associated with on link n, with 0 < a < 1 l = length of the link (m) L = length of the neighborhood network (m) Equation (6), reiterated for the other two indicators constituting the set of 3 associated to each Evaluation Category provides its average value WAtot. For example, in the case of P-Practicability, this becomes:
and in turn Equation (7) can be reiterated for the remaining 3 evaluation categories, providing SWAtot, UWAtot and AWAtot, for Safety, Urbanity and Appeal, respectively. Eventually the total average value DAW for the neighborhood can be calculated as
where to the category weights P w , S w , U w and A w correspond the values reported in Table 1 .
The spreadsheet also enables the calculation of the average value of each set of scores given by the surveyors for every indicator at every link, I Avg and to calculate accordingly the relevance of each evaluation category.
As an example, if P1 avg , P2 avg , and P3 avg are respectively the average values of all the scores given by the surveyors for all the links in the district for indicators P1 Sidewalk surface, P2 Obstacles and P3 Slope respectively, the relevance of the Practicability evaluation category Rel P is:
Equation (9) can be reiterated to calculate the relevance of the other evaluation categories by simply entering the values associated with the indicators.
Reliability of the Algorithm
As further described in Section 3, the algorithm was applied to a real case study with a high number of neighborhoods to analyze, and consequently an even higher amount of links. A prerequisite was therefore the selection of a method which could validate the reliability of this algorithm "fed" by a very large number of items (links, each in turn assessed via 12 indicators and weighted as above reported). To this end, Cronbach's alpha coefficient [66] seemed the most appropriate way to estimate the average correlation of all the case study items and composite scores achieved.
The testlet is given by the n-links and associated scores R (as itemized in the algorithm matrix) considered in the case study, according to Equation (10):
where:
R is the sum of the n-items considered in the test T: r 1 , r 2 , r 3 . . . r n , σ 2 item is the variance of i-component for the current testlet σ 2 ri , σ 2 test is the variance of the total scores collected σ 2 T ,
The threshold to achieve soundness of results is α > 0.70 [66] .
Surveys Organization
A core task in the development of the T-WSI calculation is to have surveyors assess the areas univocally and coherently. To this end, surveyors were instructed on how to provide scores, by comprehensively describing the meaning of each evaluation category, indicator and performance correspondence to scores to be given (descriptions in Table 1 are just a synthesis).
Each description was narrative, in Italian. Major accuracy was dedicated to defining some characteristics which might cause uncertainty, or subjectivity, in the surveyors. One case for all: Obstacles. They were clearly listed (misplaced posts, trees, urban furniture, service equipment; parked cars spilling on the sidewalks) and their assessment of performance was described in quantitative terms (density, as different amounts of items per unit area) and under the qualitative point of view (if they reduced the amount of walkable space and/or compelled pedestrians to detour and walk elsewhere, easily detectable by observing how pedestrians walked).
In some cases, the description of the performance to assess and the meaning of the scores resulted as being self-explanatory or not necessary, as the surveyors, all being locals, were familiar with the different types of "urban landscape" they were going to evaluate. For example, in Activity Mix, "mixed and continuous" referred to the typical local situation of buildings with continuous street level storefronts or entrances to public facilities and residences, "moderately mixed" to discontinued storefronts, "mostly monofunctional" to no stores or any kind of other services, blind corners and just entrances to residences. All turned out to be well-known patterns among the surveyors.
In some other cases, specific clarifications were needed to cope with innovation. For instance, speed control was essentially aimed at assessing availability and effectiveness of devices to slow down traffic, not only as enforced by speed limit signs and signals (which are not sufficient in the case study), but also through traffic calming devices. As traffic calming is still pioneering in Italy, the list of devices was accurately described, to help surveyors who were not familiar with them.
All the information and explanations were collected and annexed to the calculation spreadsheet where surveyors were asked to enter scores. In this way, surveyors had the possibility to promptly check and avoid on-the-spot uncertainties while are already operating on the test area.
Surveyors were trained to the task (as said, were explained the goal of the research, what to survey, when, how to enter data, meaning of scores and weights) and trial sessions occurred prior to the actual surveys. Survey sessions were organized by dividing the case study into subareas (each corresponding to the neighborhoods described in Section 2.5.2) and assigning them to the surveyors. Each of them was in charge of surveying one or more subareas and entering data for each of the itemized links. Length of each link was pre-calculated when preparing the spreadsheets. This task was relatively easy, as the average length of links never exceeded 350 m (on the contrary, should links have been in the range of half or one kilometer, they would have been subdivided into shorter legs).
The Case Study
After a preliminary study on three areas in Rome targeted to test the feasibility of the assessment method, the survey procedure and the reliability of the collected data [48] , the application of the algorithm was extended to a larger area, with the goal to have a city-level test field. To this end, the middle-size city of Rieti (just less than 50,000 inhabitants), in central Italy was selected.
The Local Context
Already a settlement along the Velino river much ahead of the Romans, Rieti prospered through the centuries until the present day. The result is a unique, entirely walled historic city center with several landmarks and a premium-value built environment, totally walkable. Around the city center, a series of neighborhoods were developed mostly during the first part of the 20th century, as further described. Differences between the city center and the surrounding areas are numerous: (i) a self-standing city developed for non-motorized modes the former, satellite-conceived, urbanized to progressively meet the motorization requirements of the latter; (ii) mixed land use in the city center vs the dominant residential use of the more modern districts; (iii) the hilly morphology of the historic city (the originating pre-Roman settlement was located on a hilltop) versus the flatter areas of the 20th century development.
Nevertheless, as capital city of the province, the identity of Rieti is clear: a typical, quiet provincial Italian town, with a car access-restricted city center; walking still being the main modal option for performing everyday errands; functions attracting commuters from the surrounding towns; and generating traffic demand with usual peak time problems. In Table 2 Rieti inhabitants are used to walking because the distances are relatively short (the total urban area could be covered by a 7 km × 10 km rectangle); this and the large use of private cars explain the modest use of transit (buses) and bike options. Due to the different development between the city center and the surrounding areas, and given the characteristics of the former ("natural born pedestrian-friendly"), the study focused on the latter where the increased motorization process competes with walking.
The Case Study Areas
The nine test areas (Figure 3) , each corresponding to a specific neighborhood, can be associated with four main periods of urbanization, with different local urban texture and building characteristics. area could be covered by a 7 km × 10 km rectangle); this and the large use of private cars explain the modest use of transit (buses) and bike options. Due to the different development between the city center and the surrounding areas, and given the characteristics of the former ("natural born pedestrian-friendly"), the study focused on the latter where the increased motorization process competes with walking.
The nine test areas (Figure 3) , each corresponding to a specific neighborhood, can be associated with four main periods of urbanization, with different local urban texture and building characteristics. More specifically they can be clustered as:
• 1920-1990s neighborhoods: urbanized first during the Fascist period and later expanded, these are satellite, residential, working class areas, characterized by a mix of building types: one-or two-family houses, built from the early 1940s to mid-1960s; and two or three-storey apartment buildings (some within social housing projects) built between the 1960s and 1990s (in Figure 3 Figure 3 , area: 9-Viale dei Flavi) started during the 1920s, lasting until the early 1940s as first expansion close to Rieti historic core (highlighted with the red dot in Figure 3 ), and ended in the 1950s. Unlike other contemporary districts, the quality of the built environment is higher and land use is mixed (small villas, low-rise apartment blocks, public buildings).
Accounting for 63% of the population living outside the city center, i.e., 15,469 inhabitants, the nine neighborhoods markedly differ in terms of population density (Figure 4 ). If referring to the average density of the whole study area (8304 inh./sq. km), the 1960-1990s neighborhoods are the less densely inhabited, coherently with their suburban nature, whereas the highest values are recorded both in the 1920-1990s and in the 1950-1980s neighborhoods, with 10,751 inh./sq. km (at area 3-Quattro Strade) and 11,052 inh./sq. km (at area 3-Città Giardino), respectively.
• 1960-1990s neighborhoods: these suburban areas include a mix of prevalently low-rise apartment blocks and terraced houses (in Figure 3 , areas: 2-Piazza Tevere and 6-Micioccoli) • 1920-1950s neighborhood: the initial development of this area (in Figure 3 , area: 9-Viale dei Flavi) started during the 1920s, lasting until the early 1940s as first expansion close to Rieti historic core (highlighted with the red dot in Figure 3 ), and ended in the 1950s. Unlike other contemporary districts, the quality of the built environment is higher and land use is mixed (small villas, low-rise apartment blocks, public buildings).
Accounting for 63% of the population living outside the city center, i.e., 15,469 inhabitants, the nine neighborhoods markedly differ in terms of population density (Figure 4 ). If referring to the average density of the whole study area (8304 inh./sq. km), the 1960-1990s neighborhoods are the less densely inhabited, coherently with their suburban nature, whereas the highest values are recorded both in the 1920-1990s and in the 1950-1980s neighborhoods, with 10,751 inh./sq. km (at area 3-Quattro Strade) and 11,052 inh./sq. km (at area 3-Città Giardino), respectively. 
Quantitative Results: From Study Area to Street Levels
As from Figure 3 , the nine neighborhoods cover the majority of the built area of the Rieti municipality with the exception of the city center which, as said, is naturally walkable and car-access restricted. The availability of such a large area ensures soundness of results (173 items, i.e., streets processed by the algorithm) and the possibility to detect recurring performance levels and critical factors affecting walkability, according to real built environment conditions. All of the above is described in the next sections. 
As from Figure 3 , the nine neighborhoods cover the majority of the built area of the Rieti municipality with the exception of the city center which, as said, is naturally walkable and car-access restricted. The availability of such a large area ensures soundness of results (173 items, i.e., streets processed by the algorithm) and the possibility to detect recurring performance levels and critical factors affecting walkability, according to real built environment conditions. All of the above is described in the next sections.
The "Most and the Least Walkable" Neighborhoods
A most sought-after outcome was to identify the "most walkable", and conversely, the "least walkable" neighborhoods according to the algorithm application and T-WSI results. T-WSI values (calculated according to Equation (5)), if analyzed per period cluster (Table 3) , stress the poorer walkability performance of the 1920-1990s neighborhoods, which rank far below the average, if compared to the other clusters. These, in turn, show more homogeneous scores, with area 1-Città Giardino ranked first. The analysis of the relevance of a given evaluation category over the others clearly evidences that requirements associated with Safety and Urbanity are far from being properly met, whereas those in the fields of Practicability and Appeal, although with large variability, seem to achieve more satisfactory performance levels. More specifically, it should be noted that Appeal can be considered a quality factor for the least walkable neighborhoods, being this is the highest ranked for both areas 8 and 3. Modest performance assessment for the Urbanity Evaluation Category is also highlighted by its average value, according to which only four out of the nine neighborhoods are above such a threshold, whereas values above the threshold for Safety are reached in five out the nine neighborhoods. Focusing on the average value for T-WSI, the six neighborhoods ranking above it account for the 70% of the total study area and 44% of the whole urban area, historical center not included. Table 3 results can be grounded in the analysis of the specific indicators associated with each evaluation category. Drivers towards scores above the average are performance levels associated with the indicators in the upper part of Figure 5 , with A2 Building Stock, P1 Sidewalk Surface, P3 Slope and A1 Traffic the leading ones. U1 Sidewalk Width, U2 Street Furniture, S2 Public Lighting and S3 Safe Crossing are, in turn, clear barriers in reaching walkability's satisfactory levels. Large variations of scores can be observed among the different cluster periods and associated neighborhoods ( Table 4 ). Large variations of scores can be observed among the different cluster periods and associated neighborhoods (Table 4 ). Coherently with the aggregated results of Table 3 , the 1920-1990s neighborhoods are below the average of every indicator, with the exception of A1 Traffic and A2 Building Stock, ranked far above it. However, the most unexpected result is the overall poor S1 Speed Control levels in seven out of the nine neighborhoods.
A concluding remark concerns the full soundness of results achieved. Cronbach's alpha test results reported α-values always above the requested 0.70 threshold.
Best and Worst Cases
Results reported in the previous section synthesize those calculated for each of the 173 links of the study area's street network. Variability of results, given the high number of processed items, was expected, but limits in the range values of each indicator (and especially the lower ones) are difficult to interpret without considering the real environmental features behind them. To this end, two specific cases in point are reported representing typical best and worst conditions generating high or low scores of Tables 3 and 4 , calculated according to the SI (i.e., the sum of the weighted scores given to each indicator of each Evaluation Category for a given link as described in Equation (3)) and the related T-WSI i . calculated as in Equation (4). The two cases are, respectively a) Via Selci in Sabina in the Borgo neighborhood and b) Viale Maraini in the Viale dei Flavi neighborhood, with SI 13.7 and 79.7 and T-WSI i . 0.16 and 5.61 ( Table 5 ). The former is a typical alley connecting two local roads and the latter is one of the city's boulevards. Aside from the scores from Table 5 , the overall quality level of both in terms of walkability, according to Figure 6 , is intuitive and no further comments are needed to stress how the synergy among the "canyon effect" and lack of sidewalks and on-street functions are the main generators of the low scores for (a). Likewise, for (b), full availability of walking areas, vegetation, public lighting, and appropriate urban furniture all contribute to make Viale Maraini the best case. Moreover, alleys like case a) are rather common in the urban fabric and oftentimes represent connections or shortcuts to more walkable links and, as such, are used by pedestrians just out of personal convenience.
Best and worst cases are certainly partly representative of the other "in between" 171 items of the Rieti street network and they become useful examples to define actual performance targets to aim for, as well as thresholds not to be reached, within further successful transport plans, local Moreover, alleys like case (a) are rather common in the urban fabric and oftentimes represent connections or shortcuts to more walkable links and, as such, are used by pedestrians just out of personal convenience.
Best and worst cases are certainly partly representative of the other "in between" 171 items of the Rieti street network and they become useful examples to define actual performance targets to aim for, as well as thresholds not to be reached, within further successful transport plans, local rehabilitation or road safety programs. Needless to say, the variety of results evidenced in Tables 3-5 and Figure 5 , although consistent with the large number of items analyzed, raises several issues and paves the way for further elaboration, all reported in Section 4.
Results Interpretation and Discussion
The Rieti case study outcomes above described a two-pronged discussion: on the one hand, some considerations on the T-WSI algorithm in light of the results achieved; on the other hand, an interpretation of the results to highlight patterns affecting local walkability, both useful for further T-WSI calculations elsewhere.
Methodological Achievements and Lines for Advances
The consistency and soundness of the survey adopted to evaluate the performance levels of the street network in hand is high; as said, the reliability coefficient α > 0.7 enables the survey data to be quantitatively analyzed. However, it is not possible to neglect the reasons behind the overall modest performance in the field of Safety, and more specifically those associated with the indicator S1 Speed Control, which is equal to 0 in 7 out of the 9 neighborhoods, and that might convey the idea of an unsuitable assessment or inaccuracy.
As explained in Section 2.1, S1 is designed to assess pedestrian safety in terms of: safeguard from conflicts from motorized modes (drivers' illegal behaviors, mostly); compliance with the general principle "to see and be seen" at crossing areas; speed control enforcement. All of the above can be achieved by enforcing the so-called "Environmental Areas" (the Italian version of the Zones 30 s) and extensively implementing traffic calming devices. Unfortunately, in Italy practice for both is still lagging behind and cities with consolidated examples are still few (unfortunately, Rieti is not among these).
Performance levels scored 0 in the field of S1 Speed Control can be, then, translated into the need to progress with the enforcement of traffic calming devices and speed control regulations.
At the same time, S1 represents not a minor requirement but the experts' assessment for its weight was mild (just 31, whereas issues such as sidewalk surface and width were both given a weight equating to 40, for example), driven by the awareness that traffic calming and environmental areas are still under development in Italy. This raises the issue of the appropriateness of weights when dealing with road safety and whether, when transferring methodologies like this in hand, these must be re-assessed according to local conditions. Concepts like the "Road Safety Space", according to which economic resources, institutions and regulations, as well as social patterns, affect the possibility to successfully transfer road safety measures and concepts from one place to another [68] , and, more generally, transferability policies for sustainable mobility measures [69] , would clearly suggest the need to re-align scores when dealing with road safety conditions and local contexts different from to the origin one. This certainly represents a recommendation for further adoptions of the T-WSI methodology.
Lerning Lessons from the Case Study
Results reported in Section 3 create a kind of snapshot of local walkability performance levels. As such, they can be used to prompt local policies and solutions to solve poor performance problems whenever they have been detected in each of the 9 neighborhoods, according to the T-WSI scores.
However, results achieved can be also interpreted beyond the Rieti case study, and more specifically in perspective of the application of the T-WSI methodology and algorithm farther afield.
Relevance of Urban Development Processes
An initial example is the analysis of the reason for the low T-WSI values for both the 1920-1990s neighborhoods. This can be ascribed to the long development of the areas, started prior to the massive motorization phenomenon and concluded when this fully escalated. Infrastructure for motorized and non-motorized modes were initially planned to accommodate modest traffic flows. Typical related problems such as, for example, appropriate parking supply were not even contemplated. The same did not occur to the other neighborhoods of the case study, since some were developed contemporarily to the massive motorization phenomenon (the 1960-1990s and 1950-1980s) and others were already fully developed (1920-1950s) .
Adaptation of the "pre-car" built environment to massive motorization is always a long-term process, where dominant traffic components' requirements, i.e., passenger cars, are usually considered the top priority since they are conceived within regulatory visions based on traffic plans, and not integrated with land use policies. This is due to discrepancies between the time horizons of mobility and land use policies, and between their scales of applications which result, in the long run, into the unsuitability of infrastructures for both drivers and pedestrians and the consequent adaptation of the built environment to meet the requirements of the former. For example, reduction of walkable sidewalks' width to accommodate on-street parking requires a relatively short time to be enforced and is usually small-scale (street level, area level). On the contrary, land use regulatory tools, e.g., master plans, forecast changes that entail slower physical alterations of the local built or natural environments (at district level, such as rehabilitations in favor of pedestrianization programs, Transit Oriented Developments, revegetation processes, etc.), which although affecting the local mobility patterns at a larger scale, will require longer periods to be enforced and even longer ones to assess their benefits for the local community.
The 1920-1990s neighborhoods low walkable performance is therefore a typical sign of how the complexity of urban environments calls for the need to integrate land use and mobility planning visions [70, 71] .
Switching Priorities: Non-Motorized Modes First
The need to intervene on safety, highlighted by the low scores of Table 4 , along with the need to improve speed control and progress with the enforcement of traffic calming, is also one more sign of prioritization of motorized traffic requirements. Public lighting, although fully available in all of the 9 neighborhoods, is supplied by high poles engineered to support luminaires to deliver general lighting output to the area to serve, with no specific lighting objectives (carriageways, sidewalks or both). This could be sufficient for driving but not for walking. Safe and comfortable walking paths require specific solutions like cutoff, directional optical devices to meet pedestrian needs for light distribution: typically, uniform light patterns, no light above the horizon, no glare, no shadows. Likewise, modest scores for safe crossings shows that the mere compliance with the regulations in terms of signs and signals is not enough to increase the perception of safety when crossing a street.
The lesson learnt, in this case, is to avoid general solutions, either simply dictated by regulations or meant to meet the requirements of both motorized and non-motorized road users at the same time, because pedestrians have very specific safety requirements, with well-known consequences if left unmet [72] . At the same time low scores in the field of safety can also prompt local administrations to prioritize amending policies. This shifts the focus on the need to link road safety priorities to the enforcement of regular maintenance programs for sidewalks, consistently to the concept of Safety Potential-SaPo [73] , which enables us to draw a priority list of road links in need of urgent safety interventions, and to calculate the resulting decrease of accidents and costs [74, 75] .
Diversity, Density and Design Dimensions are not Equally Manageable
One more remark rises from the outcomes in the Urbanity and Appeal evaluation categories. Although both equal in contributing to generate the eudaimonia of the built environment elaborated in Section 2, results achieved in the study area stress the different relevance exerted by Urbanity, as the quality of life in a city, and by Appeal, as the power to attract or generate interest. If data in Table 3 are considered, the scores for Urbanity are just above the average in four out of the nine neighborhoods, whereas Appeal is more favorably assessed in the whole study area. More specifically, according to Table 4 , U2 Urban Furniture and U3 Activity Mix seem to be the most contributing factors within the Urbanity evaluation category, unlike Appeal where only A3 Vegetation achieves low scores.
Such results are certainly affected by local conditions and can be locally elaborated, as well. For example, modest performance for A3 Vegetation in Table 3 is generated by a relative paucity of green areas, but this is coherent with the local context: towns like Rieti developed from compact settlements, with dense stones and bricks and textured urban fabric and infrastructure, resulting in mineral landscapes. Likewise, U2 Urban Furniture stresses the same paucity in terms of equipment to create more comfortable conditions for walking, mostly benches on which to rest. U3 Activity Mix low performance simply describes that the surveyed areas are monofunctional, i.e., residential and that the other services are basic and simply designed to function at area scale (typically facilities like the local church, primary schools, the corner shops), attracting and/or generating local pedestrian traffic. An initial solution would be, in this case, to start a beautification process and increase green and urban furniture supply (possibly avoiding street clutter), but there is no certainty that this would automatically result in more walking trips in the areas, there being no reason to walk aside from reaching the few local destinations from home. At the same time the local building stock cannot be modified to accommodate more functions different from the residential or the basic tertiary ones, and even if so, this would be detrimental to the natural centrality of the historic city.
The Rieti T-WSI elaboration highlights therefore a typical situation of many historic city centers surrounded by consolidated and recently-built residential areas, with the well-known 3 Ds [26] difficult to manage: urban Density and Diversity which are difficult to adapt to influence everyday travel patterns, with only the Design dimension left available to intervene upon. Again, this is one more sign that solutions can be found in the enforcement of overall mobility management policies at city level, based on a "stick-and-carrot" approach, i.e., with measures targeted to "provide incentives to attract passengers to transit" and "disincentives to the use of private cars" [76] . Pedestrianization or improved walking conditions by creating dedicated routes are recurring measures associated to the disincentives in Europe [71, 77] , especially in central areas like Rieti's.
But the challenge is to enforce measures to orient travel patterns towards transit in medium towns like Rieti, where short distances, the dominance of private cars and parking as a minor problem make conventional modes like buses poorly attractive. The integration with paratransit, collective taxis especially on fixed routes, could be highly effective not only in boosting the use of public modes but also to extend the share and length of related ancillary walking, thus promoting healthier lifestyles.
One last point to stress: in towns where walking is not common, T-WSI certainly helps highlighting priority areas in which to intervene first. One might argue that in provincial towns, such as Rieti, which might seem to offer ideal conditions for walking, T-WSI might be redundant. However, in towns even where walking would appear to be a natural mode, such as in Rieti, the increased motorization process is jeopardizing traditional walking-based lifestyles. Tools like T-WSI are then equally needed to help decision makers to keep fostering walking and direct interventions where walking is at risk.
Concluding Remarks
Results achieved in the initial Rome test [48] and those herein presented proved the feasibility and flexibility of the T-WSI methodology to calculate walkability levels on a given area. Unlike other walkability assessment tools designed to assess performance on a selected O/D paths only, T-WSI easily enables the assessment on each link of the local street network, compare related performance levels, aggregate data at neighborhood level and determine the overall walkability status. Flexibility is ensured by the possibility to: (i) use the same weights here presented or update them, if local context calls for specific requirements; (ii) introduce more indicators, if need be; and (iii) extend the assessment, i.e., including more and more links, by simply adding more rows in the calculation spreadsheet. Therefore, if compared with other tools, the possibility to adapt weights, scores, and indicators to accurately reflect the local context (either historic, consolidated, contemporary, or all of the above), while still providing area-wide assessments, is a T-WSI actual point of strength.
However, the interpretation of T-WSI results highlighted more important functions; first, whenever indicators shows critical values, the possibility to use data for fast on-street recovery interventions; then, in the case of evaluation categories' critical aggregated values, the possibility to enforce area-wide rehabilitation programs; and, consequently, the possibility to use the aggregated data to support decision-making process at city level.
The latter is a new dimension in the walkability assessment, as introduces walking performance levels, synthesized by T-WSI, as indicators of the quality of the components of the built environment's eudaimonia and more in general of the city quality of life. In fact, low walking performance levels evidence needs of improvement in a number of fields in urban governance: mobility management to enhance the share of non-motorized modes, maintenance programs to ensure quality of sidewalks, road safety and speed control regulations to provide vulnerable road users with safer walking conditions and healthier lifestyle promotion. At the same time, walking performance levels can stress limits of the built environment and consequently prevent decision makers from planning or enforcing unsuitable solutions, typically in historic and long-consolidated areas where local land use cannot be further modified to accommodate more functions or modifications would become detrimental to the quality of other urban areas. All of the above was fully corroborated by the lesson learned from the Rieti case study herein presented.
To conclude, future research directions for the T-WSI development include more case studies for further refinement of the overall methodology, and the study of integration of the T-WSI evaluation with that of the SaPo and other economic indicators, to focus on the economic benefits of walking in the urban governance decision making process, and more specifically within transport planning and practice. More case studies would also enable us to complete the reliability assessment of this free tool, whose English version is in progress.
